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modiﬁed with O-linked GlcNAc (O-GlcNAc). While Arabidopsis
has two O-GlcNAc transferases, SECRET AGENT (SEC) and
SPINDLY (SPY), previous work suggests that SEC modiﬁes
PPV-CP and that the modiﬁcation plays a role in the infection
process. Here, we show that when co-expressed in Escherichia
coli SEC modiﬁes PPV-CP. Deletion mapping and site-directed
mutagenesis identiﬁed three threonine and a serine located near
the N-terminus of PPV-CP that are modiﬁed by SEC. Two of
these threonines have recently been shown to be modiﬁed in virus
from plants suggesting that SEC has the same speciﬁcity in
plants and E. coli.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Post-translational modiﬁcation of cytosolic and nuclear pro-
teins with O-linked N-acetylglucosamine (O-GlcNAc) is widely
studied in animals, where more than 100 modiﬁed proteins
have been identiﬁed [1–3]. The modiﬁed proteins include tran-
scription factors [4–6], RNA polymerase II [7], oncoproteins
[8], translation factors [9], as well as, proteins of the 26S pro-
teasome [10], cytoskeleton [11,12] and nuclear pore complex
[13–15]. The O-GlcNAc transferase (OGT) that is responsible
for this post-translational modiﬁcation is a nucleocytoplasmic
glycosyltransferase that catalyzes the addition of an N-acetyl-Abbreviations: O-GlcNAc, O-linked N-acetylglucosamine; OGT,
O-GlcNAc transferase; PBS, phosphate buﬀered saline; PEG, poly-
ethylene glycol; PNGase F, Peptide: N-glycosidase F; PPV, Plum pox
virus; PPV-CP, Plum pox virus capsid protein; SDS–PAGE, sodium
dodecyl sulfate–polyacrylamide gel electrophoresis; SEC, SECRET
AGENT; SPY, SPINDLY
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doi:10.1016/j.febslet.2006.09.046glucosamine monosaccharide in a b-O-linkage to the hydroxyl
group of serine and threonine. The protein is comprised of an
N-terminal protein–protein interaction domain consisting of
between 9 and 12 tetratricopeptide repeats and a C-terminal
catalytic domain [16,17]. Loss of OGT function is lethal in
mice [18] but not in C. elegans [19].
Arabidopsis has two OGTs, SPINDLY (SPY) and SECRET
AGENT (SEC). Both enzymes have a domain structure like
that of the animal OGTs [20]. OGT activity is required during
embryogenesis as loss of both SPY and SEC function results in
embryo lethality [20]. In addition to roles in embryogenesis,
SPY and SEC have both overlapping and unique roles
throughout the life of the plant [21]. Loss of SEC causes a
reduction in the rate of leaf production and, as discussed be-
low, aﬀects infection by Plum pox virus. More processes are af-
fected in spy plants, which have defects in light regulation of
hypocotyl elongation, leaf phylotaxy and shape, ﬂowering
time, circadian rhythms, gibberellin signaling and cytokinin
signaling [22–25]. While the analysis of mutants has indicated
that plant OGTs are involved in many processes, the substrates
of SEC and SPY are not known.
Plum pox virus is a member of the Potyvirus genus of plant
viruses. It is the etiological agent of Plum pox disease or
Sharka and in the laboratory can infect arabidopsis. The
PPV genome consists of a single positive-sense ssRNA of
approximately 10 kb that is encapsidated by approximately
2000 U of a single capsid or coat protein (PPV-CP) [26,27].
A tryptic fragment at the amino end of the PPV-CP is modiﬁed
with O-GlcNAc [28].
Genetic studies suggest that SEC but not SPY modiﬁes PPV-
CP and that the modiﬁcation has a role in the infection process
[29]. The PPV-CP from wild-type and spy plants is O-GlcNAc
modiﬁed, while the coat protein from two diﬀerent sec mutants
is not. Spread of a green ﬂuorescence protein tagged recombi-
nant PPV was slower and virus titer was initially lower in sec
plants than in wild-type or spy-3. While these results suggest
that SEC modiﬁes PPV-CP and that the modiﬁcation has a
role in infection, the results do not rule out the possibility that
the sec mutation acts indirectly to block modiﬁcation of PPV-
CP.
In this study, the hypothesis that SEC directly modiﬁed the
PPV-CP was supported because SEC produced in Escherichia
coli was found to modify PPV-CP. Using deletion and site-di-
rected mutagenesis, SEC was shown to modify four diﬀerent
amino acids near the N-terminus of the coat protein.blished by Elsevier B.V. All rights reserved.
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2.1. Protein expression constructs
A plasmid expressing SEC as a fusion protein with maltose binding
protein fused to the N-terminus of SEC that is compatible with plas-
mids using the ColE1 origin of replication was constructed by replac-
ing the EcoRV–NruI fragment of pACYC184 with the lacIq and
MalE:SEC encoding ScaI–MscI fragment of pMAL-SEC [20].
A series of plasmids with ColE1 replicons expressing portions of
PPV-CP as fusion proteins with His- and S-tags (Table 1) were con-
structed by subcloning PCR products produced from the CP-coding
region of PPV (Genbank Accession No. M21847) into pET32a (Nova-
gen; Madison, WI) using standard techniques. The forward and re-
verse primers introduced NcoI and XhoI restriction sites that were
used to subclone the PCR products between the NcoI and XhoI sites
of pET32a. PCR was performed using the ProofStart High Fidelity
Kit (Qiagen; Valencia, CA). The ampliﬁcation program involved heat
activation of the DNA polymerase (95 C/5 min), and 20 ampliﬁcation
cycles (94 C/30 s; 50 C/30 s; 68 C/60 s) with a ﬁnal extension reac-
tion at 68 C for 10 min.
To map the location of the O-GlcNAc modiﬁcation sites to speciﬁc
amino acids, site-directed mutations (Table 2) that substitute alanine
for threonine or serine were constructed in pp4-2 (Table 1). Mutagen-
esis was performed using the QuikChange Site-directed Mutagenesis
Kit following the instructions of the manufacturer (Stratagene; La Jol-
la, CA) using the primers indicated in Table 2 and cycling condition of
95 C for 30 s, followed by 16 cycles of 95 C, 30 s; 55 C, 1 min; and,
68 C, 6 min pp4-2 served as the template for the construction of pp4-
2M and pp4-2G. pp4-2M served as the template for the construction of
pp4-2MG. To determine if an individual amino acid could be modiﬁed,
individual serine or threonine were restored to pp4-2MG creating con-
structs pp4-2MG–S16, –T19, –T24, –S25, –T40, –T41 and –S43. Cor-
rect constructs were identiﬁed by DNA sequencing performed at the
University of Minnesota Advanced Genetics Analysis Center.
2.2. Co-expression of PPV and SEC in E. coli
PPV-CP expressing plasmids were transformed into BL21-Ai
(Invitrogen Life Technologies; Carlsbad, CA) E. coli containing either
pACYC184 or pACYC-Mal-SEC by electroporation. For protein
expression, a 20 ml culture was inoculated with 1.5 ml of a saturated
overnight culture and grown with shaking at 22 C to an OD600 of
0.4. Expression of T7 RNA polymerase, which drives the expression
of the PPV fusion protein was induced by the addition of arabinose
to 0.2% (w/v). After 1 h, the expression of the PPV fusion protein
and Mal:SEC were induced by the addition of isopropyl-b-D-thio-
galactoside to a ﬁnal concentration of 1 mM. The cells from 1.5 ml
of culture were harvested by centrifugation 2 h after induction and
the bacterial pellet was frozen at 20 C. To prepare the samples for
SDS–PAGE, the pellet was resuspended in 50 ll of 1· phosphate buf-
fered saline (PBS), 17 ll of 4· SDS gel-loading buﬀer [30] was added
and the sample was boiled 5 min.
2.3. Detection of S-tagged PPV-CP and O-GlcNAc-modiﬁed proteins
Proteins were separated by SDS–PAGE and transferred to Immobi-
lon-P transfer membrane (Millipore; Bedford, MA). S-tagged PPV fu-
sion proteins were detected using horseradish peroxidase-conjugated
anti-S antibodies (Novagen) as recommended by the supplier. Horse-Table 1
PPV-CP expressing constructs
Construct Sense primer (50 to 3 0) An
pp1 (full length PPV-CP) cccatggctgacgaaagagaagacga cc
pp2 cccatggctgacgaaagagaagacga cc
pp3 cccatggctgacgaaagagaagacga cc
pp4 cccatggctgacgaaagagaagacga cc
pp5 cccatggatgaaatgagcatcatttt cc
pp6 cccatggacgtcgatgcaggatcagt cc
pp7 cccatggtcatacagcctgcaccccg cc
pp8 cccatggctgacgaaagagaagacga cc
pp9 cccatggtggctgaagcgtatattga cc
pp4-2 cccatggctgacgaaagagaagacga ccradish peroxidase was detected using Super Signal West Pico (Pierce;
Rockford, IL) with exposure to X-OMAT Blue XB-1 ﬁlm (Eastman
Kodak; Rochester, NY).
To identify O-GlcNAc-modiﬁed proteins, the terminal GlcNAc
of membrane-bound proteins were labeled with [3H] galactose as
described elsewhere [31], with modiﬁcations described previously
[32,33]. 3H-labeled proteins were detected by ﬂuorography. The mem-
brane was sprayed to saturation with EN3HANCE (Perkin–Elmer Life
Sciences, Inc.; Boston, MA), air dried in a fume hood and exposed to
pre-ﬂashed [34] BioMax XAR ﬁlm (Eastman Kodak; Rochester, NY)
at 80 C.
2.4. Aﬃnity puriﬁcation of His-tagged pp4-2
The pp4-2 and pACYC-Mal-SEC plasmid vectors were co-expressed
in BL21-Ai as described above. pp4-2 protein was puriﬁed using Talon
Metal Aﬃnity Resin (BD Biosciences Clontech; Palo Alto, CA) by a
batch method. Brieﬂy, the resin (250 ll) was washed three times with
distilled water (1 ml) and then equilibrated with metal aﬃnity column
buﬀer (1 ml/3·; 20 mM sodium phosphate, 500 mM sodium chloride,
pH 7.0). To prepare the protein lysate, the frozen pellet from 100 ml
of culture was resuspended in 2 ml of extraction buﬀer (25 mM Tris,
pH 7.5; 0.5 mM phenylmethylsulfonyl ﬂuoride and 0.01· Complete
Mini EDTA-free protease inhibitor cocktail tablets (Roche; Mann-
heim, Germany)) and sonicated (three, 30 s pulses). The lysate was
cleared by centrifugation three times at 16700 · g for 5 min. The
cleared lysate (1 ml) was diluted with an equal volume of extraction
buﬀer, added to equilibrated resin and incubated with mixing for 30–
60 min at 4 C. The resin was collected by centrifugation and washed
with 1 ml of 20 mM sodium phosphate, 500 mM sodium chloride at
pH 7.0. Protein was eluted two times with 500 ll of 150 mM Imidazole,
pH 6.0. The puriﬁed pp4-2 was separated from residual SEC by pass-
ing it through a 5% polyethylene glycol (PEG)-treated YM-100 Centri-
con centrifugal ﬁlter device (Millipore Corporation; Bedford, MA),
which retains the SEC. The pp4-2 protein was then concentrated in
1· PBS with a 5% PEG-treated YM-10 Centricon centrifugal ﬁlter de-
vice (Millipore).
2.5. Analysis of the linkage between GlcNAc and PPV
The GlcNAc on puriﬁed PPV protein was 3H-labeled using the
galactosyl transferase assay in liquid as described previously [20].
The GlcNAc linkage was then characterized using b-elimination
chemical and Peptide: N-glycosidase F (PNGase F) enzyme reactions
as described previously [20] or digestion with 0.5 U b-D-N-acetylhex-
osaminidase (V-LABS, INC., Covington, LA) in a 15 ll reaction con-
taining 100 lg of protein in 60 mM citric acid, 80 mM Na2HPO4 (pH
4.0) at 37 C for 22 h. The reaction was stopped by adding 5 ll of 4·
SDS sample buﬀer [30] and boiling for 5 min.3. Results
3.1. SEC modiﬁes PPV-CP
The coat protein of PPV virions from plants is O-GlcNAc
modiﬁed [28,29]. Consistent with SEC modifying the PPV-
CP, the coat protein of virions from sec plants is not modiﬁedti-sense primer (5 0 to 30) Amino acids expressed
tcgagcactcccctcacaccgagga 1–330
tcgagcaggttgcgctgaattccat 1–253
tcgagtccattctctatgcaccaaa 1–186
tcgagtcctgcatcgacgtccctgt 1–100
tcgagcactcccctcacaccgagga 169–330
tcgagcactcccctcacaccgagga 96–330
tcgagcactcccctcacaccgagga 33–330
tcgagccggggtgcaggctgtatga 1–39
tcgagcactcccctcacaccgagga 229–330
tcgagcacctgtgaaactggttttgttg 1–64
SEC
pp1
pp1
pp1
SEC +
+
+ - -
- + -
Fig. 1. Full-length PPV-CP is modiﬁed by SEC. (Top panel) GlcNAc
modiﬁed proteins on a blot containing total proteins from Escherichia
coli expressing diﬀerent combination of pp1, pET32a, pACYC-Mal-
SEC and pACYC184 were detected by labeling terminal GlcNAc with
[3H]-galactose. The labeled proteins were detected by ﬂuorography.
pET32a and pACYC184 are the negative control plasmids for pp1 and
pACYC-Mal-SEC, respectively. Note as observed previously [20], that
GlcNAc modiﬁed SEC and truncated SEC products, which are
indicated by the bracket, were detected. (Lower panel) A duplicate blot
was probed with anti-S antibody, which detects the PPV-CP fusion
protein.
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modiﬁcation of another arabidopsis protein by SEC being re-
quired for the modiﬁcation of PPV-CP. To distinguish between
these hypotheses, we tested whether SEC could modify PPV-
CP. While we have been unable to purify active SEC, SEC
modiﬁes itself during expression in E. coli [20], therefore we
tested whether SEC could modify PPV-CP when both are
expressed in E. coli.
When co-expressed with SEC in E. coli, full length PPV-CP
(pp1) was modiﬁed (Fig. 1). In contrast, when pp1 was ex-
pressed without SEC it was not modiﬁed. Similar to what
was observed previously, SEC modiﬁed itself and truncated
SEC proteins but did not modify any other E. coli proteins
[20]. Western analysis to detect the S-tag of pp1 (Fig. 1) indi-
cated that pp1 was slightly more abundant in the absence of
SEC. Therefore, the failure to detect modiﬁed pp1 in the ab-
sence of SEC was not due to poor expression of the protein.
3.2. SEC modiﬁes four sites near the N-terminal end of PPV-CP
To map the location of the modiﬁcation on PPV-CP, diﬀer-
ent portions of the protein were co-expressed with SEC and
analyzed for O-GlcNAc modiﬁcation (Fig. 2). The results from
this analysis are consistent with the region encompassing
amino acids 39–100 being modiﬁed by SEC. All proteins that
contained amino acids 33–100 were modiﬁed but the protein
containing only amino acids 1–39 was not. While it is not
known if the regions from 39 to 100 is modiﬁed in plants, it
is known that the region from 1 to 39 is modiﬁed [28,35].
Therefore, it is possible that the speciﬁcity of SEC is diﬀerent
between E. coli and plants. It is also possible that when
expressed alone improper folding of amino acids 1–39 prevents
modiﬁcation. Therefore, we decided to use a site-directed
mutagenesis approach to map the modiﬁed site(s).
Since additional deletion mapping (not shown) indicated
that a smaller protein, pp4-2, containing amino acids 1–64 ex-
pressed well and was highly modiﬁed by SEC (Fig. 3A, lane 1),
this protein was used for the site-directed mutagenesis studies.
Mutation of the ﬁrst seven serine/threonine of pp4-2 to alanine
eliminated detectable GlcNAc modiﬁcation (Fig. 3A, lane 4).
Mutation of neither the ﬁrst four nor the following three
- pp4-2
- pp4-2
SEC
S1
6
T1
9
T2
4
S2
5
T4
0
T4
1
S4
3
W
T
Fig. 4. SEC modiﬁes four amino acids of PPV-CP. (Top panel)
Detection of GlcNAc-modiﬁed proteins on a blot containing proteins
from Escherichia coli expressing SEC and pp4-2 (WT) and mutant
forms of pp4-2MG, a protein in which the ﬁrst seven threonine/serines
are mutated to alanine, with the indicated serine or threonine restored.
(Bottom panel) A duplicate blot was probed with anti-S antibody,
which detects the PPV-CP fusion protein.
1 2 3 4
pp4-2
SEC
pp4-2
3
2
4
1
A
T T TT T TT T SSS S
pp1
1 2
pp1
B
Fig. 3. Site-directed mutagenesis mapping of the modiﬁcation sites of
PPV-CP. (A) (Top panel) Map 1 shows the threonine and serines of
pp4-2. In maps 2–4, the vertical lines indicate the location of serine or
threonines and e indicates replacement of serine or threonines with an
alanine. The thicker portion of the maps indicates the trypsin fragment
that is modiﬁed in plants. The number to the left of a map indicates the
lane in the panels below containing that protein. (Middle panel)
Detection of GlcNAc-modiﬁed proteins from Escherichia coli express-
ing SEC and PPV-CP. (Bottom panel) Immunodetection of the PPV
fusion protein. (B) (Top panel) Detection of GlcNAc-modiﬁed
proteins on a blot containing proteins from E. coli expressing SEC
pp1 (lane 1) or pp1MG (lane 4), which encodes full length PPV-CP
with the ﬁrst seven threonine/serines mutated to alanines. (Bottom
panel) A duplicate blot was probed with anti-S antibody, which detects
the PPV-CP fusion protein.
1 2 3 4 5 6 7 8 9
1 + 1-330
2 + 1-253
3 + 1-186
4 + 1-100
8 - 1-39
5 - 169-330
6 - 96-330
7 + 33-330
9 - 229-330
A
B
C
Fig. 2. PPV-CP is GlcNAc modiﬁed near the N-terminus. (A) A map
showing the portion of PPV-CP expressed in the diﬀerent constructs.
1–9 correspond to pp1–9 (Table 1) and lanes 1–9 in panels B and C.
The + and  to the right of maps indicate modiﬁed and unmodiﬁed
proteins, respectively. The numbers on the far right indicate the
portion of PPV-CP that is present in each protein. pp1 contains the
full-length PPV-CP. (B) Detection of GlcNAc-modiﬁed proteins from
Escherichia coli expressing SEC and diﬀerent portions of PPV-CP. (C)
A duplicate blot was probed with anti-S antibody, which detects the
PPV-CP fusion protein.
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tion (Fig. 3A, lanes 2 and 3) suggesting that multiple sites
are modiﬁed. Mutating the ﬁrst seven serine/threonine of full
length PPV-CP to alanine also blocked modiﬁcation by SEC
(Fig. 3B), indicating that no other sites on the coat protein
are modiﬁed.
To determine which of the seven serines or threonines were
modiﬁed, the serine/threonine of the fully mutant pp4-2 (Table
2, pp4-2MG; Fig. 3A construct 4) were individually restored to
wild-type and the resulting proteins were analyzed to deter-
mine if they could be modiﬁed by SEC (Fig. 4). This analysis
indicated that the presence of threonine 19, 24, 41, or serine
43 was suﬃcient for modiﬁcation by SEC.
3.3. SEC GlcNAc modiﬁes PPV-CP in a b-O-linkage
To evaluate if the GlcNAc modiﬁcation of the PPV-CP was
O-linked, the sensitivity of the modiﬁcation to PNGase F,
which removes N-linked modiﬁcations and b-elimination,
which removes O-linked modiﬁcations was determined. Glc-
NAc-modiﬁed pp4-2 protein was produced by co-expression
with SEC in E. coli, aﬃnity puriﬁed, and terminal GlcNAc
was labeled with 3H-galactose using galactosyl transferase.
The label on the protein was not removed by PNGase F, but
was sensitive to b-elimination (Fig. 5A). The O-GlcNAc
modiﬁcation of pp4-2 was also removed by b-D-N-acetylhex-
osaminidase, an enzyme which cleaves b- but not a-linked D-
N-acetylglucosaminyl sugars from glycoconjugates (Fig. 5B).
This treatment also removed terminal GlcNAc from ovalbu-
min, which contains b-D-N-acetylhexosaminyl residues that
are sensitive to b-D-N-acetylhexosaminidase. Taken together,these results show that pp4-2 was GlcNAc modiﬁed in a
b-O-linkage.4. Discussion
Previously, the coat protein of the Plum pox virus was
shown to be O-GlcNAc modiﬁed and this modiﬁcation did
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Fig. 5. pp4-2 is modiﬁed with b-O-GlcNAc. (A) GlcNAc of aﬃnity-puriﬁed pp4-2 was labeled with 3H-galactose and the labeled protein was then
either subjected to b-elimination (to remove O-linked modiﬁcations) or treated to PNGase F (which removes most N-linked oligosaccharide
modiﬁcations). After b-elimination or PNGase F treatment, the sample was subjected to gel ﬁltration chromatography to resolve released sugar from
that attached to the protein. One milliliter fractions were collected and 3H was quantitated. Protein elutes in fractions 5–10 and released sugars elute
in later fractions. (B) Aﬃnity puriﬁed pp4-2 and ovalbumin (Ov), a positive control for b-linked GlcNAc, were incubated with or without b-D-N-
acetylhexosaminidase (Hex), resolved by SDS–PAGE and transferred to a membrane. (Top panel) Detection of GlcNAc-modiﬁed proteins. (Bottom
panel) Detection of PPV-CP fusion protein on a duplicate blot.
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ing that SEC modiﬁes PPV-CP. Here, we report that E. coli-ex-
pressed SEC can modify PPV-CP and that it modiﬁes the same
sites that are modiﬁed in plants strengthening the argument
that SEC is the enzyme that modiﬁes PPV-CP.
Since we were unable to purify active SEC, it was not possi-
ble to determine if SEC could modify PPV using an in vitro as-
say. Instead, we determined if SEC modiﬁes PPV-CP during
co-expression in E. coli. E. coli has no detectable O-GlcNAc
transferase activity and SEC is active in E. coli [20]. Modiﬁca-
tion of PPV-CP was detected by using the catalytic galactosyl-
transferase component of the bovine lactose synthesis system
to transfer 3H-galactose to GlcNAc. In the absence of the reg-
ulatory protein a-lactalbumin, this galactosyltransferase is
highly speciﬁc for transfer of galactose to N-acetylglucosamine
but it has low activity toward glucose [36]. Therefore, it is pos-
sible that SEC is modifying PPV-CP with a sugar other than
GlcNAc. However, this is unlikely because the amount of
labeling of PPV-CP in this assay is similar to known Glc-
NAc-modiﬁed proteins (not shown). Moreover, as discussed
below, the modiﬁcation made in E. coli maps to the same loca-
tions as the modiﬁcations made in plants [35].
Deletion mapping and site-directed mutagenesis indicate
SEC modiﬁes four amino acids located near the amino-termi-
nal end of the PPV-CP. Two of these amino acids, threonine 19
and 24, are within the tryptic fragment that is modiﬁed inplants [28] and have recently been shown to be the only amino
acids of this fragment that are modiﬁed [35]. These results are
consistent with SEC having the same substrate speciﬁcity in
E. coli and in plants and with SEC being the enzyme that mod-
iﬁes PPV-CP in arabidopsis. Interestingly, threonine 19 and 24
were not modiﬁed in pp8, which contains the ﬁrst 39 aa of PPV
CP (Fig. 2), suggesting that O-GlcNAc modiﬁcation depends
on structural features of the target.
In E. coli, SEC also modiﬁes threonine 41 and serine 43. To
know if SEC truly has the same speciﬁcity in E. coli and plants,
it will be important to learn if these amino acids are also mod-
iﬁed in virus from plants.
The GlcNAc modiﬁcation that SEC makes on PPV-CP was
resistant to PNGase F and sensitive to b-elimination treat-
ments indicating that the GlcNAc is attached in an O-linkage.
Further, it was shown that treatment with b-D-N-acetylhexosa-
minidase removed the GlcNAc. Therefore, similar to the
well-characterized animal OGTs, SEC-modiﬁed proteins have
b-O-linked GlcNAc.
The role of O-GlcNAc modiﬁcation in PPV infection re-
mains to be elucidated. While O-GlcNAc modiﬁcation of the
PPV-CP is not essential for infection of arabidopsis, virus
spread and titer are aﬀected in sec mutants [29] suggesting a
role for modiﬁcation of the CP in the infection process. The
recent result that mutation of threonine 19 and 24 to alanine
does not aﬀect infection could suggest that the modiﬁcation
5834 C.L. Scott et al. / FEBS Letters 580 (2006) 5829–5835is not important to the process [35]. However, if threonine 41
and serine 43 are also modiﬁed, it may be necessary to mutate
them for the role of O-GlcNAc modiﬁcation to be apparent.
It has been shown in mammals that GlcNAc modiﬁcation
sites are also often sites of phosphorylation [2,37,38]. Studies
have indicated that PPV-CP contains phosphoserine and phos-
phothreonine residues [28]. While, it was not determined
precisely where the residues were located, it is possible that
O-GlcNAcylation could function with phosphorylation to
regulate protein activity. Therefore, it should be determined
if PPV-CP is phosphorylated, where any phosphorylation
occurs and if it has a role in the infection process.
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